Levosimendan is an inotropic and vasodilator drug, which is known to improve cardiac function in animal models of right ventricular (RV) failure. The effects of levosimendan on oxygen consumption and myocardial efficiency in the failing RV is unknown. We investigated the effects of levosimendan on RV function, myocardial oxygen consumption, myocardial external efficiency (MEE), and myocardial metabolism in rats with RV hypertrophy and failure. RV hypertrophy and failure were induced by pulmonary trunk banding in rats. Rats were randomized to seven weeks of treatment with vehicle (n ¼ 16) or levosimendan (3 mg/kg/day) (n ¼ 13). Control animals without pulmonary banding received vehicle treatment (n ¼ 11). RV MEE and RV metabolism were evaluated by echocardiography, 11 C-acetate positron emission tomography (PET), 18 F-FDG PET, and invasive pressure measurements. We found that levosimendan improved RV MEE (26 AE 3 vs. 14 AE 1%, P < 0.01) by increasing RV external work (0.62 AE 0.06 vs. 0.30 AE 0.03 mmHgÁmL, P < 0.001) without affecting RV myocardial oxygen consumption (P ¼ 0.64). The improvement in RV MEE was not associated with a change in RV myocardial glucose uptake (1.3 AE 0.1 vs. 1.0 AE 0.1 mmol/g/min, P ¼ 0.44). In conclusion, in the hypertrophic and failing RV of the rat, levosimendan improves RV function without increasing myocardial oxygen consumption leading to improved MEE. The improvement in RV MEE was not associated with a change in myocardial glucose uptake. This study emphasizes the potential therapeutic value of chronic levosimendan treatment RV failure. It extends previous observations on the effect profile of levosimendan and motivates clinical testing of levosimendan in RV failure.
1,2
Levosimendan is currently used for treatment of acute decompensated left ventricular (LV) failure. In animal experiments, it has recently been demonstrated that acute administration of levosimendan improves the function of the failing RV and that chronic levosimendan treatment prevents the development of RV failure. 3, 4 These beneficial effects of levosimendan may be explained in part by the fact that levosimendan is an inotropic and vasodilator drug. Levosimendan displays positive inotropic effects by increasing the sensitivity of troponin C to calcium, and vasodilatory effects by opening adenosine triphosphate (ATP)-dependent K þ channels in vascular smooth muscle cells. 5 However, the full mechanism behind the beneficial effects in RV failure has never been investigated.
In patients with pulmonary hypertension (PH), the RV is subjected to a chronic pressure overload resulting in increased wall stress and elevated myocardial oxygen consumption (MVO 2 ), triggering the transition to RV contractile dysfunction and failure. 6 When administered to patients with LV failure, levosimendan improves RV myocardial external efficiency (MEE) defined as the ratio of stroke work and MVO 2 . 7 However, this improvement in RV MEE was measured in patients without RV failure and it is uncertain whether a similar effect would be observed in patients with a hypertrophic and failing RV secondary to increased RV afterload.
In this study, we investigated the effects of chronic administration of levosimendan on RV function, MVO 2 , MEE, and myocardial glucose uptake. We performed 11 C-acetate PET, 18 F-FDG PET, echocardiography, and invasive pressure measurements in rats with pressureoverload induced RV hypertrophy and failure.
Methods

Animals and ethics
The study was performed in male Wistar Galas rats (M&B Taconic, Ry, Denmark) (99 g AE 1.7, n ¼ 40), housed two per cage with unlimited access to food (Altromin #1324, Altromin, Lage, Germany) and water and in 12- 
Study design
To determine the effect of chronic levosimendan treatment on RV MEE and RV metabolism in rats with RV hypertrophy and failure, 40 rats were randomized to pulmonary trunk (PT) banding (n ¼ 29) or no surgery (n ¼ 11) (Fig. 1a) . PT banding was performed with a clip compressed to an inner diameter of 0.6 mm as described previously. 4, 8 Three days before PT banding surgery, the rats were randomized to treatment with levosimendan 3 mg/kg/day (Orion Pharma, Espoo, Finland) (n ¼ 13 out of 29) or vehicle (n ¼ 16 out of 29) added to the drinking water. Control rats without PT banding received vehicle treatment. Levosimendan and vehicle were prepared and administered as described previously. 4 Seven weeks after surgery, the effects on RV function were evaluated by echocardiography, PET, and invasive pressure measurements (Fig. 1) .
Echocardiography was performed before PET scanning as described elsewhere. 4, 8 On the day of PET scanning, 20 of the C-acetate PET to determine the effect of levosimendan on RV MEE, and 20 of the 40 rats were submitted to 18 F-FDG PET to investigate potential levosimendan-induced changes in RV metabolism (Fig. 1b  and 1c) . Directly after the scan, invasive pressure measurements were performed as described elsewhere 4, 8 and the rats were euthanized. Finally, the heart was excised and weighed. 4 
Positron emission tomography
PET scans were performed on a Mediso NanoScan sequential PET/MRI (1 Tesla) (Mediso Ltd., Budapest, Hungary) ( Fig. 1b and 1c ). Rats were deprived of food, but were allowed free access to water for 24 h before PET scan. The PET scans were performed under general anesthesia (isoflurane and oxygen during induction 4.5% and at maintenance 2%). Before injection of 11 C-acetate and 18 F-FDG, a catheter was placed in the femoral artery for collection of blood samples, and a second catheter was inserted in the tail vein for intravenous injection of the tracers. Glucose loading was performed by oral gavage (1.5 g/kg) 1 h before injection of 18 F-FDG and acipimox (Sigma Aldrich, St Louis, MO, USA) was injected subcutaneously (25 mg/kg) 10 min before 18 F-FDG injection. 9 Tracer was administered as a bolus injection in the tail vein at the beginning of the scan. Post-filtering with a 1-mm Hann filter was performed. Immediately before and after the dynamic PET scan, arterial blood samples were collected for analyses of glucose, lactate, and hemoglobin. Data were analyzed using in-house software. In short, regions of interest (ROIs) corresponding to RV, septum, and LV were drawn in transaxial PET slices. For 18 F-FDG, an additional ROI was drawn in the vena cava and used as input function. 11 Metabolic rate of glucose uptake was determined using the Gjedde-Patlak method, 12 assuming a lumped constant of unity. For 11 C-acetate scans, k mono was obtained by linear fitting of the linear portion of a semi-logarithmic plot of 11 C-acetate washout curve (typically xs to ys) (Fig. 3) . All data were analyzed with the observer blinded to the source of the samples.
Myocardial external efficiency
MEE of the RV was calculated according to: 13 
RV MEE ¼
RV external work Total RV energy consumption
where SV is stroke volume in mL, HR is heart rate in min
À1
, and RVP mean is the mean RV pressure (RVP) in mmHg. A caloric equivalent of 1 mL Â mmHg ¼ 1.33 Â 10 À4 J was applied to yield J/min. 13 Stroke volume (SV) and heart rate measurements used for MEE calculations were obtained during echocardiography. MVO 2 (mL/g/min) was calculated using the following equation: 14, 15 RV MVO 2 ¼ 0:805 Â k mono À 4:76 Â 10
À3
Total RV energy consumption (J/min) was estimated by multiplying RV mass and MVO 2 and converted to units of energy using the conversion factor of 20 (1 mL of O 2 ¼ 20 J). The healthy control group was excluded from the 11 C-acetate PET data because the RV free wall was too thin to obtain valid measurements of MVO 2 , given the spatial resolution of existing PET scanners.
Metabolic Rate of Glucose Uptake
Metabolic rate of glucose uptake (mmol/g/min) was calculated from the 18 F-FDG PET data using the equation: 16 Metabolic rate of glucose uptake
where K i is the 18 F-FDG influx constant derived from the Patlak graphical analysis, C glu (mmol) represents the average glucose level during 18 F-FDG scanning (t ¼ 0 min, t ¼ 30 min), and LC is the lumped constant and assumed to be equal to 1.
17,18
Statistical analysis
All statistical analyses were performed using GraphPad Prism 6 (GraphPad software, La Jolla, CA, USA). Unless otherwise stated, normally distributed quantitative data are expressed as mean AE standard error of mean (SEM). Data were tested for normal distribution with a Shapiro-Wilk normality test. One-way ANOVA was applied to data with normal distribution and variance homogeneity and used as gatekeeper-test. Only if the ANOVA was significant, a post hoc Holm-Sidak's multiple comparisons test was performed (Control vs. Vehicle, Vehicle vs. Levosimendan). This testing procedure controls overall error rate (type 1 error) at level of 5%. 19 A non-parametric Kruskal-Wallis test was performed if data were not normally distributed.
11
C-acetate PET data were compared using unpaired t-test because the healthy control group had been excluded. In all cases, P < 0.05 was considered statistically significant. Primary data can be obtained online from Pulmonary Circulation's website.
Results
To assess the effects of PT banding, we compared anatomical and hemodynamic data between the vehicle group and the control group of the 11 C-acetate PET rats ( Table 1) . The PT banding procedure caused a 2.5-fold increase in RV mass in the vehicle group. RV external work was 3.3-fold higher in the vehicle group than in the control group. This was caused by a 4.8-fold increase in RVP mean and a 30% reduction in cardiac index in the vehicle group (Table 1) .
To determine whether chronic treatment with levosimendan improves RV function without increasing RV MVO 2 , and by that improves RV MEE, we compared the levosimendan group with the vehicle group. In the levosimendan group, RV external work was doubled compared to the vehicle group (Fig. 2a) . This was caused by a 25% increase in RVP mean and a 62% increase in cardiac index in the levosimendan group (Table 1) . No difference in RV mass was found between the vehicle group and the levosimendan group (P ¼ 0.83). MVO 2 did not change (P ¼ 0.64) (Fig. 2b and Fig. 3 ) and consequently RV MEE in the levosimendan group was significantly higher than in the vehicle group (Fig. 2c) .
Next, we examined whether chronic administration of levosimendan changes RV metabolism in rats with RV hypertrophy and failure. In the PT banded vehicle group, metabolic rate of glucose uptake was more than doubled C-acetate PET acquisition. A monoexponential function is fitted to the myocardial clearance starting when most of the blood pool has cleared (around 1 min). This function yields a clearance rate constant k mono which represents the oxidative metabolism and corresponds to myocardial oxygen consumption (MVO 2 ). Note that there is no difference between k mono in the two graphs.
compared to the control group (Fig. 3a and b) , though the difference was not statistically significant due to an outlier in the small control group. No difference was found in metabolic rate of glucose uptake between the vehicle group and the levosimendan group (P ¼ 0.30) (Fig. 4a and b) . Metabolic rate of glucose uptake in the LV, septum, and total myocardium was comparable between the control, vehicle, and levosimendan group.
Discussion
In this study, we provide evidence that chronic treatment with levosimendan increases RV stroke work without affecting RV MVO 2 , leading to an improvement in RV MEE in rats with RV hypertrophy and dysfunction.
Levosimendan increased RV cardiac index in the hypertrophic and failing RV as observed previously.
4 By using a model with a fixed afterload, the increase in cardiac index is explained by a direct cardiac effect including increased contractility, as the model excludes any influence from pulmonary vasodilatation or changes in RV afterload. [20] [21] [22] [23] Furthermore, levosimendan improved RV MEE by increasing RV stroke work without affecting RV MVO 2 . This finding is in accordance with a human study by Ukkonen et al., 7 who showed that levosimendan had a neutral effect on RV MVO 2 and improved RV MEE in patients with LV failure. In this human study, it was not possible to determine whether the improved RV MEE was due to unloading of the RV by pulmonary vasodilation or a direct myocardial effect of levosimendan. Our results do, however, emphasize that levosimendan can directly improve the function of the failing RV without increasing RV MVO 2 .
It could be argued that prolonged increase in RV external work could be harmful to the RV despite the fact that no increase in RV metabolism was observed. Our data do not support whether levosimendan treatment is beneficial or harmful in the long term, only that it increases the external work of the RV. To determine this, it would be relevant to perform survival studies. It is, however, relevant to consider that an increase in external work will most likely not be an issue in human pulmonary disease, since it will be balanced by a pulmonary vasodilation leading to unloading of the RV. We have experimental data confirming this in the Sugen 5416/hypoxia rat model of PAH, 24 but clinical confirmation of the experimental data is still lacking.
Despite an increase in RV stroke work, glucose uptake rate was not changed (Fig. 4a and b) . Thus, it could be speculated that the improvement in RV function is not caused by altered metabolism, although we have no data that support this hypothesis directly.
One limitation in our study is the assumption we made for the measurement of the metabolic rate of glucose uptake, where we assumed that a partial volume effect was not present. This assumption is reasonable as we solely compared the metabolic rate of glucose uptake between the vehicle group and the levosimendan group. Since RV mass is similar in the two groups (Table 1) , a partial volume effect will not affect the comparison between the two groups. We were not able to investigate the effect of levosimendan on myocardial blood flow from the 11 C-acetate PET scans because of the partial volume effect. However, recent evidence suggests that levosimendan is a potent vasodilator of human coronary arteries, 25 which may also influence RV MEE. Another limitation of the study is that RV failure in the PT banding model only reproduces proximal pulmonary artery disease. However, RV failure is more commonly seen in pulmonary vascular diseases, which are not evaluated in this model. Thus, it is likely that the PT banding model is limited in its application to pulmonary vascular disease. The benefit of the PT banding model is that it allows for investigation of cardiac-specific effects of levosimendan treatment without influence from the pulmonary vasodilation, which has been the main interest in this study.
In conclusion, our results demonstrate that levosimendan improves RV stroke work and myocardial external efficiency in the failing RV without increasing myocardial oxygen consumption. Furthermore, these changes were not accompanied by a change in RV glucose uptake rate.
